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Uniformity of postprocessing of large-area, dense nanostructure arrays is currently one of the
greatest challenges in nanoscience and nanofabrication. One of the major issues is to achieve a high
level of control in specie fluxes to specific surface areas of the nanostructures. As suggested by the
numerical experiments in this work, this goal can be achieved by manipulating microscopic ion
fluxes by varying the plasma sheath and nanorod array parameters. The dynamics of ion-assisted
deposition of functional monolayer coatings onto two-dimensional carbon nanorod arrays in a
hydrogen plasma is simulated by using a multiscale hybrid numerical simulation. The numerical
results show evidence of a strong correlation between the aspect ratios and nanopattern positioning
of the nanorods, plasma sheath width, and densities and distributions of microscopic ion fluxes.
When the spacing between the nanorods and/or their aspect ratios are larger, and/or the plasma
sheath is wider, the density of microscopic ion current flowing to each of the individual nanorods
increases, thus reducing the time required to apply a functional monolayer coating down to 11 s for
a 7-m-wide sheath, and to 5 s for a 50-m-wide sheath. The computed monolayer coating
development time is consistent with previous experimental reports on plasma-assisted
functionalization of related carbon nanostructures B. N. Khare et al., Appl. Phys. Lett. 81, 5237
2002. The results are generic in that they can be applied to a broader range of plasma-based
processes and nanostructures, and contribute to the development of deterministic strategies of
postprocessing and functionalization of various nanoarrays for nanoelectronic, biomedical, and
other emerging applications. © 2007 American Institute of Physics. DOI: 10.1063/1.2480494
I. INTRODUCTION
In recent years, varieties of vertically aligned nanostruc-
tures have been studied in order to discover their highly un-
usual properties and convert them, via research and develop-
ment, into commercial nanotechnology-enhanced products.
Their uses include, but are not limited to, chemical sensors
and catalysts, reinforced nanocomposites, numerous optical
and photonic functionalities and devices, viable alternatives
to silicon-based microelectronic devices and circuitry, elec-
tron field microemitters, advanced bioscaffolds and biosen-
sors, protein immobilization, and cell proliferation arrays.1–15
Such structures can be made of a variety of metallic,
semiconducting, and dielectric materials including carbon,
silicon, various silicon compounds e.g., SiC and SiO2, and
a broad range of pure, binary, ternary, and quarternary ZnO,
SiCN, SiCAlN, etc. materials.10,16,17 Composition is tailored
towards the eventual function of the nanostructure.
Moreover, there has been a rapidly increasing interest in
postprocessing e.g., nanofilm coating, surface functionaliza-
tion, and doping of various nanoassemblies to enable new
functionalities e.g., biomimetic response or photolumines-
cence and/or enhance their performance e.g., field emission
intensity. For example, the efficiency of electron emission
from silicon nanotips can be greatly improved by coating
them with carbon,16 whereas coating of Si nanotips with
TiO2 and capping with SiC leads to a substantial improve-
ment of their wettability evidenced by increased water con-
tact angles.18 The latter property is crucial for advanced bio-
medical applications.
Meanwhile, doping ZnO nanorods with Ga or Al atoms
not only improves electron field emission and photolumines-
cent properties but also significantly aids nanorod growth.22
In another example, carbon nanotubes can be functionalized
with various sugars and phosphocholine polymeric structures
to become water soluble; this feature opens up a new avenue
for applications in biosensing, controllable drug delivery, and
gene therapy.23
Despite all the research, uniformly processing large
and/or dense arrays of nanostructures still proves to be a
major challenge. The main issue is to achieve a high level of
control of fluxes of reactive species and to direct them onto
specific surface areas of the nanoassemblies. The existing
techniques such as atomic layer deposition ALD,24 plasma
enhanced chemical vapor deposition PECVD,18–21 and ion
beam assisted deposition25 are some of the possibilities in
achieving this purpose. ALD and its ion-assisted equivalent
plasma enhanced ALD PEALD produce high-quality
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monolayer coatings. However, a very limited choice of ma-
terials and reactive precursors make these and many other
techniques material- and process-specific, which greatly lim-
its their generic applicability and cost efficiency.26 These
methods also have a limited applicability for postprocessing
of dense nanoarrays where penetration of neutral species in
narrow internanostructure gaps is insufficient to coat all sec-
tions of the nanostructures.27
Plasma-aided processes have been shown to be superior
in areas such as vertical alignment and ordering in the
pattern28 and shape control.29 However, plasma-based pro-
cesses have a very large number of operating parameters,
which makes deterministic synthesis and/or processing of
nanoassemblies quite difficult. Moreover, the outcomes are
extremely sensitive to the sizes, shapes of the nanostructures
and their positioning in nanopatterns. To determine the ideal
parameters required to grow and/or postprocess nanostruc-
tures with the desired properties, experimental trial and error
is usually employed leading to many expensive failures. The
costs involved can be greatly reduced by developing appro-
priate simulation codes and running a series or numerical
experiments, which enable one to optimize the plasma-based
process parameters.
This work aims to use advanced multiscale numerical
simulations to quantify the dependence of the microscopic
ion fluxes in the vicinity of ordered hexagonal/square arrays
of carbon nanorods on the nanopattern and plasma sheath
parameters and elucidate the temporal dependence of the sur-
face coverage of nanorods by an atomic hydrogen mono-
layer. The numerical results yield the optimized process pa-
rameters that minimize the time required to deposit a
monolayer coating onto a nanorod array. The computed
monolayer development times have been found to be in re-
markable agreement with previous experimental results on
hydrogen plasma-based functionalization of related carbon
nanostructures.30,31 The results are generic and can also be
applicable to arrays of other vertically aligned nanostruc-
tures.
The paper is structured as follows: In the following sec-
tion Sec. II, we introduce the simulation geometry and the
numerical model of the coating of carbon nanorods in an
ionized gas-based deposition process. In Sec. III, the results
of the numerical study of the effect of various plasma and
nanopattern parameters on the microscopic ion fluxes onto
lateral surfaces of the nanorods are presented. Section IV is
devoted to the discussion of the main results obtained and
elaboration of the most efficient control strategies of the ion-
ized gas-based postprocessing of the nanorods. Finally, in
Sec. V, the main findings of this work are summarized and
the outlook for future research is given.
II. MODEL AND NUMERICAL DETAILS
In this work, time-resolved numerical experiments have
been performed to simulate the development of functional
coatings on the surfaces of vertically aligned nanorods posi-
tioned in arrays of different configuration and density. The
system simulated is depicted in Fig. 1. The nanopatterns
simulated are rectangular and hexagonal arrays of carbon
nanorods Fig. 2, which may have been prefabricated by
using a combination of pattern delineation or transfer tech-
niques such as focused ion beams or anodized alumina tem-
plates and CVD/PECVD.32 Typically, anodized alumina can
produce masks with tuneable pores of diameter
10–500 nm, heights up to 6 m, and nanopore densities
of up to 1011 cm−2 minimum spacing between the pore cen-
ters of 30 nm, arranged in fine hexagonal arrays.33 Here
we consider the nanorods with the fixed height h=500 nm,
and radii R varied between 20 and 40 nm; the spacings be-
tween the nanorods within the array  range from
100 to 500 nm. The low-temperature plasma of our interest
here contains singly ionized hydrogen ions H+; the sheath
width varies from 7 to 50 m. It is assumed that the sheath
of thickness s is collisionless smfp
i
, where mfp
i is the
FIG. 1. Color online Schematics of the simulated nanorod array not to
scale.
FIG. 2. Color online Rectangular a and hexagonal b patterns of the
nanorods, ion trajectories and hit points.
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mean free path of ions in collisions with all other species in
the plasma and the ion-ion and ion-neutral collisions are
neglected. The ions enter the plasma sheath with the Bohm
velocity, which is directed along the normal vector to the
substrate surface, and are accelerated as they traverse the
sheath and can be deflected by microscopic electric fields of
the nanorods in their immediate proximity.
As was mentioned above, the nanostructure height was
not changed in our simulations. The variation in the aspect
ratio, the most crucial factor in determining the ion
trajectories,34 was due to the variation of the nanorod radii.
Hydrogen species originating in the plasma are assumed to
be the main contributors in the functionalization of the na-
norods. The plasma sheath is much larger than the nanostruc-
tures, hence it is fair to assume that the plasma sheath layer
is relatively uniform; the effects of the nanorod arrays on the
electric field can thus only be significant at distances compa-
rable with their sizes; in the case considered such distances
are 1 m.
When the cross-sheath potential drop Us is relatively low
UsTe, the sheath width can be approximated as35,36 s
=sD, where s is a constant typically ranging from 1 to 5,
and D= 0Te /enp1/2 is the Debye length. Here, 0 is the
dielectric constant, np is the plasma density, Te is the electron
temperature, and e is the electron charge. On the other hand,
the sheath width can be approximated as
s =
2
3
D2UsTe 
when the cross-sheath potential drop is relatively high Us
Te.
35
The total electric field in the array of nanostructures10
E = Esh + 	
i
Ei 1
involves the “macroscopic” electric field within the plasma
sheath
Esh =
4UB
3  zs4
1/3
,
and the microscopic field created by individual nanostruc-
tures
Ei = 

Si
idSir
4	0r3
, 2
where i is the surface charge density, Si denotes the surface
of the ith nanorod, and r is the position vector. Using this
numerical approximation, one can explicitly describe the tra-
jectories of the ions within the plasma sheath
rt = r0 + 

t0
t v0 + 

r0
0 Er,

mi
drd
 , 3
where r0 is the point of ion entry into the plasma sheath, v0
is the initial ion velocity at the sheath edge, mi is the mass of
hydrogen ions H+, and t0 is the initial time moment of the ion
motion.
Using this information, it is possible to determine the ion
trajectories in the sheath region. A Monte Carlo technique is
then used to find the distributions of the ion fluxes over the
substrate and nanostructure surfaces. An initial position of
each ion at the plasma-sheath border was chosen randomly.
By tracing the trajectories of the ions one can record the ion
fluxes to specific areas on the substrate or nanostructure sur-
faces. Within the surface area 2.52.5 m, nanorods all of
the same size have been arranged in square and hexagonal
arrays with the spacings between their centers  varying
from 150 to 500 nm Fig. 2. The current densities and the
mean ion deflections have been recorded at the end of each
simulation cycle.
In the following section, we compute the relative ion
deflection dxr, which we define as the mean displacement of
the ion trajectory from a straight downfall path divided by
the mean nanorod radius, as well as the specific js= jr / and
relative jr=Js /J current densities to nanorod lateral surfaces.
Here, J is the total current to the entire substrate, Js is the
total current to the nanorods, and  is the surface coverage.
This implies that the specific current, which can be defined
as the relative current density per unit surface area, can have
its numerical values interpreted as the relative current density
per nanorod, since the surface coverage by the nanorods is
proportional to the number of the nanorods within the array
using the assumption that they are all of the equal size. In
addition to these, we also record the ion current densities
along the lateral surfaces of the nanorods. These results are
then used to calculate the time required to evenly apply a
monolayer coating over a representative nanorod in the ar-
rays of our interest here.
III. RESULTS
When altering the geometry of the arrays between hex-
agonal and rectangular patterns, we have not found any sig-
nificant changes in the ion current densities or the relative
ion deflections. Therefore, the final results are not very sen-
sitive to the nanopattern chosen and are applicable to both
hexagonal and rectangular arrays. This issue will be further
discussed in Sec. IV. To be specific, in the following we will
focus on the hexagonal nanorod arrays.
Figure 3 shows the computed dependence of the relative
ion deflection dxr on the internanorod spacing. The results of
Fig. 3 suggest that the relative ion deflection dxr towards the
nanorods decreases with either an increase in the sheath
width or a decrease in the spacing between the nanorods.
These results will be used to explain the effect of the plasma
process and nanoarray parameters on the specific and relative
microscopic currents onto the nanorods presented in Figs.
4–6.
More specifically, Figs. 4 and 6 show the dependence of
the specific and relative current density js and jr on the spac-
ing between the nanorods in hexagonal arrays for two differ-
ent nanorod radii R=20 and 40 nm and four different
sheath widths s ranging from 7 to 50 m. On the other
hand, Fig. 5 shows the dependence of the relative current
density jr on the relative surface coverage which is defined
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as the ratio of substrate area covered by nanorods to the total
substrate area.
What can first be seen in Figs. 4 and 6 is that when the
internanorod spacing  becomes larger, the relative current
density jr decreases whereas the specific current density js
increases. As can be seen in Fig. 4, jr initially decreases and
then levels off when  becomes sufficiently large. However,
when the internanorod spacing increases, js grows at a higher
rate, as is shown in Fig. 6. This apparent difference between
the behavior of the two current densities in nanopatterns of
different density will be explained in Sec. IV. It is also im-
portant to note that the relative current density increases with
the coverage Fig. 5. In particular, this means that the ion
flux is used more effectively in denser nanorod patterns.
From Fig. 4, one can notice that changing R has little
effect other than a small increase in jr when both  and s
are large. However, the relation between js and  changes at
different radii. Specifically, at R=40 nm, js depends linearly
on . However, at R=20 nm, the relationship between js and
 is no longer linear; instead, the rate of growth in js appears
to rise steadily as the internanorod distance increases.
More importantly, at larger aspect ratios smaller radii,
the maximum value of js in our numerical experiments was
80, as can be seen in Fig. 6b. For comparison, the spe-
cific current density did not exceed 13.5 for larger radii
R=40 nm Fig. 6a. Thus, there is a substantial decrease
of 85% at =500 nm and s=7 m in js when the na-
norod radius changes from 20 to 40 nm. There is an overall
increase in js when R is reduced when keeping all other
parameters constant and this change is most apparent when 
is large whilst s is kept small.
From Figs. 4 and 6 it can be seen that increasing the
sheath width causes a decrease in both jr and js. In the case
of Fig. 4, reducing s has the effect of a slight change of the
jr vs  curves, which appear a little flatter at smaller sheath
widths. In turn, the curves in Fig. 6 showing the relationship
between js and  appear to be more linear as s decreases.
These conclusions are consistent with the results of Fig. 3,
which shows evidence of a decrease of the relative ion de-
flection towards the nanorods dxr with either s or .
Interestingly, Figs. 3 and 6 show that dxr and js share
similar trends when the array parameters are altered. We re-
call that Fig. 3 suggests that when  increases, dxr also in-
creases. However, unlike the specific current density js, dxr
levels off as  becomes larger. Likewise, changing the nano-
rod radius from 20 to 40 nm results in a 60% decrease com-
puted at =500 nm and s=7 m in the mean displace-
ment of ion trajectories dxr. Also, dxr and js depend on the
sheath width quite similarly; not only do they decrease with
s but also their dependence on the sheath width becomes
more linear.
Figure 7 shows the normalized ion current density dis-
FIG. 3. Dependence of the relative ion deflection dxr on the spacing between
the nanorods  with the plasma sheath thickness as a parameter. The nano-
rod radius R=40 nm a and 20 nm b. FIG. 4. Same as in Fig. 3 for the relative current density to nanorod lateral
surfaces jr.
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tribution along the lateral surfaces of the nanorods at differ-
ent , s, and R. The normalized ion current density distri-
bution at a certain nanorod height is a dimensionless
quantity, which is proportional to the current densities along
the lateral surfaces of the nanorods. We can see that when the
internanorod spacing or the sheath width are small, a larger
proportion of ions deposit on the upper sections of the nano-
rods as opposed to landing close to the substrate level, which
occurs with larger  or s. It is also worth emphasizing that
in Figs. 7a and 7b, the maxima of normalized ion current
density distributions are shifted upwards from the substrate
level. Distributions of microscopic ion fluxes over lateral na-
norod surfaces enabled us to elucidate how a monolayer
overcoat develops in time and gradually covers the entire
nanorod surfaces.
Figures 8 and 9 show the temporal dynamics of the de-
velopment of a monolayer coating over the surface of a rep-
resentative nanorod. These figures show that carbon nano-
rods with smaller radii are coated with a hydrogen
monolayer faster than their wider counterparts, with the thin-
ner nanorods generally taking about half the time to coat
than the wider nanorods. It is also seen that when the inter-
nanorod spacing is smaller, more time is needed to coat the
nanostructures. It should also be noted that in high-density
arrays immersed in a plasma with a narrower sheath Fig. 8
with =100 nm and s=7 m, the middle section of the
nanorod is coated earlier than its other surface areas. On the
other hand, in low-density arrays postprocessed in a plasma
with a wider sheath, such as the one in Fig. 9 with 
=500 nm and s=50 m, the areas closer to nanorod bases
are coated first. Thus, by varying the sheath width e.g., by
changing the plasma density and/or electron temperature,
one can deposit hydrogen monolayer coatings over selected
surface areas of the nanorods.
IV. DISCUSSION
As stated in the previous section, we have found that the
results do not change significantly when switching between
hexagonal and rectangular nanorod arrays. This may be ex-
plained by observing that the key factor in determining dxr,
js, and jr is the nanorod density within the array. When the
nanopattern density increases, the local electric fields of in-
dividual nanostructures begin to overlap, changing the nature
of the local effects. In a square array, it is easy to determine
that the density of the nanorods is 1 /2. On the other hand,
in a hexagonal array, the area in a hexagonal unit cell is
3 /22 and there are always three nanostructures within
each unit cell. Thus, the density of nanorods in a hexagonal
array is 2/2, which implies that by simply changing the
geometry of the array from a square to a hexagonal pattern,
FIG. 5. Dependence of the relative current density to nanorod lateral sur-
faces jr on the surface coverage with the plasma sheath thickness as a
parameter. The nanorod radius R=40 nm a and 20 nm b.
FIG. 6. Dependence of the specific current density to nanorod lateral sur-
faces js on the spacing between the nanorods  with the plasma sheath
thickness as a parameter. The nanorod radius R=40 nm a and 20 nm b.
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the density of the nanorods increases by 1.5, thus having
the same effect as decreasing the internanorod spacing in a
square array by a factor of 1.2.
Let us now consider the relative current density of the
ion fluxes. Figure 4 shows a comparison of the relative cur-
rent density to the nanorods at two different R and reveals
that the relative current density jr is larger in denser arrays.
This can be explained by noting that the relative substrate
area covered by the nanorods increases as the spacing be-
tween the nanorods gets smaller. Indeed, at smaller , the
relative surface area covered by the nanostructures becomes
larger. In this case more ions land on nanorod surfaces rather
than on open uncovered substrate areas; hence, the relative
current density jr increases. If one continues to increase 
up to a maximum of 500 nm in this work, the relative ion
FIG. 7. Color online Normalized ion current densities to lateral surface of
the nanorods with different parameters: a R=20 nm, =100 nm, s
=7 m; b R=40 nm, =100 nm, s=7 m; c R=20 nm, =500 nm,
s=50 m; d R=40 nm, =500 nm, s=50 m.
FIG. 8. Color online Temporal dynamics of the development of the mono-
layer coating to lateral surfaces of the nanorods of radius R=40 nm a and
R=20 nm b. Other parameters: s=7 m and =100 nm.
FIG. 9. Color online Same as in Fig. 8 for s=50 m and =500 nm.
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flux would decrease further and is expected to vanish com-
pletely at sufficiently large internanorod gaps.
Using the same logic, one would conclude that an in-
crease of the nanorod radii should exert a similar effect as
reducing . However, this is not always the case. From Fig.
4, we can see that jr is larger in Fig. 4a than in Fig. 4b
only when the plasma sheath is narrow and the internanorod
spacing is large. Thus, altering the nanorod radii has quite a
different effect. Namely, when the aspect ratio is varied, the
surface curvature of the nanostructures also changes, thus
affecting the magnitude of local microscopic electric fields
in the proximity of the nanorods. This effect will be further
discussed below in relation to the effects of varying the array
and process parameters on the mean displacement of ion tra-
jectories.
Apparently, increasing the number of nanorods in the
array substantially enlarges the surface area to be coated. We
recall from previous sections that js can be interpreted as the
current density per individual nanostructure. As the interna-
norod spacing decreases, we can see in Fig. 6 that js also
decreases. This phenomenon can be explained using electric
field arguments and the aid of Fig. 3 as we expect js to be
strongly related to dxr. If the internanorod spacing is large,
the nanorods significantly affect the uniformity of the electric
field produced by the substrate. However, if  is small, the
fields of individual nanostructures begin to overlap, creating
a more uniform field. In this case, the ions begin to fall
straight down towards the substrate; fewer of them collide
with the lateral surfaces of the nanostructures. Therefore, in
more rarefied nanopatterns the uniformity in the electric field
worsens, effectively facilitating ion deflections towards the
nanorods. Indeed this effect can be observed in the relative
ion deflections in Fig. 3, which shows that the mean dis-
placement of ion trajectories increases as the internanorod
spacing becomes larger. However, we would expect the value
of dxr to level off in sufficiently rarefied nanorod patterns.
This is consistent with the results in Fig. 3, which suggest
that the mean displacement of ion trajectories gradually satu-
rates as  increases.
It should also be noted that changing the nanorod radii
from 20 to 40 nm causes a significant drop in both dxr and js,
as can be seen in Figs. 3 and 6. It is well known that as the
magnitude of an electric field is strongly related to the mean
curvature of a surface at a given point, the higher the curva-
ture the stronger the electric field is at that point. In the case
considered, the curvature of the caps of the nanorods assum-
ing they are spherical is 1 /R, whilst the curvature of the
lateral surfaces of the nanorods is 1 /2R. We can see that as
the nanorod radii decrease, the mean curvature along the
nanorods’ surfaces increases; this is the reason behind a no-
table rise in dxr and jr when R is reduced from 40 down to
20 nm. In particular, this also explains why thickening the
nanorods has an opposite effect to increasing the spacing
between them. These tendencies are clearly seen in Figs. 3
and 6.
It is important to note that a common trend shared be-
tween jr, js, and dxr is that they all decrease when the sheath
width becomes larger. To explain this, we recall that the ion
motions are only affected by the electric fields created by a
nanopattern only at very short distances comparable with the
nanostructure sizes. The effective ion deflection towards the
nanorods depends on the velocity the ions gain while travers-
ing the plasma sheath; thus, the wider the sheath, the faster
the ions move in their vertical downward motion towards the
nanorods. Hence, if the ions have crossed a large accelerat-
ing voltage drop which is proportional to the sheath width,
they can easily continue moving downwards without any sig-
nificant deflection, almost unaffected by the local electric
fields of the nanorods. In this case, the ions are very likely to
crash into the open surface areas. In this case jr, js, and dxr
can indeed be quite low. We note, however, that as the ions
continue moving in the internanorod gaps, the local electric
fields in the array become more significant thus increasing a
chance of the ions to deposit onto nanotip lateral surfaces,
although closer to the substrate level. This situation is quan-
tified in Figs. 7c and 7d.
On the other hand, after traversing a narrow sheath, the
ion momentum at the point of a close approach to the nano-
structures can be insufficient to keep the ions moving along
the straight downfall trajectories. In this case it is very likely
that the ions can be quickly deflected by the array and guided
to hit an upper or a middle section of the nanorod’s lateral
surface. This situation is illustrated in Figs. 7a and 7b.
Apparently, in the case of narrower sheaths the ion deflec-
tions and ion current densities to nanostructures are larger
effectively yielding larger jr, js, and dxr. From the practical
perspective, this result implies that lower sheath potentials
are required to reduce the time needed to deposit a mono-
layer coating over the entire surfaces of the nanorods. One
could thus expect the nanorods to be coated faster under
process conditions when the plasma sheath is smaller.
We now discuss the issue of ion penetration into small
internanorod gaps. In previous studies, it has been shown
that as an array becomes more dense, the ion penetration into
it becomes worse;27 in this case fewer ions reach the lower
sections of the nanorods. This implies that increasing the
internanorod spacing drastically improves the ion penetration
into the arrays. In particular, this can lead to an increased
coating thickness at the base sections of the nanorods. From
Fig. 7, one can see that when  is small, there is a relative
reduction in the ion current densities towards the lower sec-
tions of the nanostructures. In fact, it can be seen with the
exception of the very upper sections that the current densi-
ties to the lateral surfaces of the nanorods are quite evenly
distributed. Likewise, when the nanorod radii are larger,
there is a reduction in the ion penetration into the arrays. In
this case the densities of ion currents flowing onto the nano-
structure areas closer to the substrate decrease. Thus, the
largest fraction of the ion current is deposited onto the upper
areas of the nanorods facing the plasma.
The same argument also works to explain the effect of
the plasma sheath thickness. It appears that increasing s is
an efficient means of reducing the ion deflections from
straight downfall trajectories and eventually improving the
ion penetration into the spaces between the nanorods. On the
other hand, enlarging the plasma sheath would result in a
major increase of the number of ions landing on the upper
parts of the nanostructures.
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The effects of changing the plasma process and nanopat-
tern parameters on the dynamics of monolayer coating depo-
sition is visualized in Figs. 8 and 9. A striking observation is
that the monolayer coverage of the nanorods by hydrogen
atoms does not necessarily start at the substrate level as
would be expected for a single nanostructure on the surface.
This conclusion is consistent with the results presented in Fig
7. Both Figs. 8 and 9 also reconfirm that specific current
densities js are larger for nanorods of smaller radii by show-
ing that thinner nanorods can be fully coated faster than the
thicker ones. Since we already know that the time it takes to
coat the nanorods is proportional to js, we expect that less
dense arrays of higher-aspect-ratio nanorods need the short-
est amount of time to be fully coated. Thus, examining Figs.
8 and 9 we can see that by decreasing , the time needed to
coat the nanorods would increase; indeed, there are more
nanorods in the array with the total incoming flux remaining
the same.
It is imperative to point out that the computed time re-
quired to deposit a monolayer coating is consistent with the
experimental observations, which suggest that it takes ap-
proximately 30 s to functionalize single-walled carbon nano-
tubes with hydrogen.30 The small difference in time can be
accounted for by observing that in the experiments, the aim
was to functionalize carbon nanotubes which are hollow tu-
bules without dangling bonds on lateral surfaces, whilst we
have simulated the postprocessing of carbon nanorods,
which usually have a crystalline structure and therefore have
more readily available bonding sites on their surfaces. There-
fore, in the case considered in our simulations, the ions can
bond onto the nanorods when they land on the lateral sur-
face. However, the ions that come into contact with carbon
nanotubes may not bond at the point of impact; moreover,
they need to migrate over lateral nanotube surfaces to be able
to insert into the nanostructure through a metal e.g.,
Fe/Ni/Co catalyst particle on top or at the base of the nano-
tube. Hence, one can expect that nanorod-like structures can
be functionalized by atomic hydrogen faster than nanotubes.
This conclusion is also applicable to other material systems
and is not limited to the case considered in our numerical
experiments.
However, even though less dense arrays can be coated
faster when the plasma sheath thickness is larger Fig. 9,
there is a danger that a strong nonuniformity in ion flux
distributions over the lateral nanorod surfaces Figs. 7c and
7d can result in noneven coatings, with thicker layers to
form closer to the nanostructure bases. This effect is consis-
tent with the results in Fig. 7, which clearly shows that very
few ions land at the upper areas of the nanorods when  is
large. This effect can be even stronger for heavier ions,
which gain a larger momentum compared to H+ ions while
traversing the plasma sheath.
From an applications point of view, uniform monolayer
coatings should be applied at the highest possible deposition
rate. However, minimizing the time to coat the nanorods
e.g., by enlarging the plasma sheath can somewhat compro-
mize the coating uniformity. Moreover, noneven ion current
distribution along the lateral surfaces of the nanorods can
result in a buildup of undesired amorphous layers. Nonethe-
less, by appropriately balancing the effects of variation of the
plasma and array parameters s, , and R, one can work out
the optimized process parameters to apply uniform mono-
layer coatings over the entire nanorod surfaces with reason-
ably high deposition rates.
V. CONCLUSIONS AND OUTLOOK
To summarize, by using multiscale numerical simula-
tions, we have studied the effects of changing the plasma
sheath width and altering the array of nanorods on the dis-
tributions of microscopic currents over nanorod surfaces. We
have found that there is a strong correlation between the
relative ion deflections and the specific current density; the
latter is, in fact, proportional to the time required to coat the
nanostructures. More importantly, the ion trajectories and
deposition can be effectively controlled by the electrostatic
potential drop across the plasma sheath. Likewise, by chang-
ing the spacings between the nanorods, the nanoarray type,
or aspect ratio of the nanostructures, it is possible to steer the
ion flux over the surfaces of the nanorods. In particular, this
makes it possible to optimize the process of carbon nanorod
coating with a hydrogen monolayer.
More specifically, the main findings of this work can be
summarized as:
• by altering the spacing between the nanorods one can con-
trol the ion penetration into the arrays as well as the rela-
tive ion deflections and the specific current. An increase of
the internanorod spacing leads to better ion penetrations,
larger specific currents to the nanostructures, increases the
coating thickness at the base sections of the nanorods, as
well as minimizes the time being approximately 11 and
5 s for a plasma sheath with a thickness of 7 and 50 m,
respectively required to coat the structures with a func-
tional monolayer;
• adjusting the plasma sheath width provides a high degree
of control of the ion deflections from straight downfall
paths and eventually their penetration into the array. By
enlarging the sheath, one can reduce the ion deflections
and eventually achieve a better and deeper ion penetration
into the arrays. However, this also results in an increased
time required to coat the nanorods due to a decrease in the
specific ion current to the nanostructures;
• the aspect ratio of the nanorods strongly affects the specific
ion current to the nanostructures. Indeed, by reducing the
radii of the nanorods, the specific current to their surfaces
can be greatly increased. We have also found that the ion
penetration is also affected by the radii of the nanorods;
however, this effect is important in sufficiently dense
nanoarrays;
• there is a tradeoff between the time needed to deposit a
monolayer coating over the entire surface of the nanorods
and the uniformity of such a coating; for every specific
nanorod array, the plasma process parameters can be ad-
justed to produce uniform ion flux distributions over the
nanorod lateral surfaces, yet maintaining the deposition
rates reasonably high;
• last but not the least, the time required to deposit a hydro-
gen monolayer over the entire surface of carbon nanorods
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has been found in an encouragingly reasonable agreement
with the experimental results on plasma-assisted function-
alization of related carbon nanostructures in hydrogen-
based plasmas.
Future work will focus on refining and increasing the
level of complexity of the model, and inclusion of more de-
tails of the plasma-, nanostructure-, and surface-related phe-
nomena, e.g., surface charging by microscopic electron and
ion fluxes.37–39 This upgrade will make it possible to develop
higher-fidelity, microscopic models of the interaction of the
plasma-generated species with the nanostructure surfaces,
and more realistically quantify the growth kinetics of the
nanostructures and their functional overcoats. Nevertheless,
this work clearly indicates how and where exactly the
plasma-generated ionic building units are deposited; our re-
sults can serve as input conditions for microscopic models of
surface/interface phenomena on the surfaces of a large num-
ber of arrayed nanorod-like structures. Finally, the results of
this work are quite generic, can be applied to a broader range
of nanostructures and materials, and are directly relevant to
the development of deterministic strategies towards precise
and cost-efficient plasma-aided nanofabrication.
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